1. Introduction {#sec0001}
===============

Stress is a psychological process most often initiated by external circumstances. It has a major influence on behavior, well-being, and even human health in today\'s society. Research has shown that psychological stress produces a range of physiological changes, which might contribute to the development of cardiovascular diseases ([@bib0050]).

Takotsubo syndrome, which is also known as stress cardiomyopathy, or broken heart syndrome, is characterized by acute left ventricular dysfunction occurring mainly in post-menopausal women ([@bib0052]). On admission, Takotsubo patients show signs and symptoms similar to acute myocardial infarction, such as chest pain, dyspnea, electrocardiographic anomalies, and changes in cardiac biomarkers ([@bib0019]; [@bib0029]). However, in contrast to patients with classical heart attacks, the majority of Takotsubo patients do not have a culprit coronary lesion that is responsible for the wall motion abnormalities of the left ventricle seen in Takotsubo syndrome ([@bib0041],[@bib0042]). Notably, the syndrome is often triggered by an acute physical or emotional stressor ([@bib0052]). Emotional stressors can be negative or positive in nature ([@bib0018]). For example, joyful events, such as attending a wedding or birthday party or winning a jackpot are considered to be stressors. In this regard, Takotsubo syndrome has also been coined the "happy heart syndrome" ([@bib0018]).

These findings gave rise to the idea that Takotsubo syndrome has a stress-induced neurocardiogenic etiology, in which an underlying overactivation of the sympathetic nervous system might lead to an overshoot of catecholamines that finally contributes to myocardial damage ([@bib0004]; [@bib0020]; [@bib0056]). This idea prompted [@bib0051] to compare the cerebral blood flow of healthy control subjects and three acute Takotsubo patients over time. The study found that the patients had increased blood flow in subcortical brain regions (hippocampus, basal ganglia, and brain stem) and decreased blood flow in the prefrontal cortex, with the decrease persisting for several weeks. In light of these results, we and others identified brain alterations in chronic Takotsubo patients by using magnetic resonance imaging (MRI) ([@bib0028]; [@bib0030]; [@bib0044]; [@bib0047]; [@bib0053]). On the structural level, [@bib0028] discovered a reduced cortical thickness in Takotsubo patients compared to healthy controls in both bilateral insulae and cingulate cortices. A reduced cortical volume was found in the patients in the left and right amygdala as well as in the right hippocampus. Besides regulating autonomic responses, many of the affected brain regions are also involved in the processing and regulation of emotions ([@bib0012]; [@bib0028]; [@bib0039]; [@bib0044]). The results of a resting state functional magnetic resonance imaging (fMRI) study showed an altered connectivity in Takotsubo patients compared to healthy control subjects in a frontal network (precuneus and ventromedial prefrontal cortex), suggesting an increased focus on the self, accompanied by a decreased capacity for emotional control ([@bib0047]). However, this study included only a small number of subjects. Recently, we have reported that structural and functional neuroimaging parameters of the brain regions involved in the limbic and autonomic nervous system may predict Takotsubo syndrome, making it possible to classify a subject as a Takotsubo patient or a healthy control subject ([@bib0030]).

To date, only one task-based fMRI case study including only 4 patients has investigated neural activity in Takotsubo patients compared to a healthy control group during a stressful situation (i.e. the Valsalva maneuver, the exhalation against a closed airway) ([@bib0044]). Patients in that case series showed increased activity in the insula, amygdala, and hippocampus during the task. However, these results might be biased because of the low number of patients (*n* = 4). Furthermore, no statistical correction was made for multiple comparisons, which might have led to inflated false-positive rates ([@bib0006]).

As many of the brain regions reported in Takotsubo patients are involved in the autonomic nervous system as well as in the processing and regulation of emotions, the aim of the present study was to investigate emotional processing in Takotsubo patients and healthy age- and gender matched controls during an emotional picture processing task, while undergoing fMRI scanning. Besides allowing for the analysis of signal changes in the blood oxygenation level dependent (BOLD) response to the emotional pictures (presentation period), this task also allows to distinguish brain activity patterns while expecting an emotional event (expectation period).

2. Materials and methods {#sec0002}
========================

2.1. Subjects {#sec0003}
-------------

Thirty patients (25 women) with the diagnosis of Takotsubo syndrome were enrolled in the study. The inclusion criteria were based on the InterTAK diagnostic criteria ([@bib0019]). Twenty-three healthy control subjects (18 women), matched for age, handedness ([@bib0002]) and Mini-Mental State Examination (MMSE) scores ([@bib0016]) also participated in the study. The Takotsubo patients were selected from the International Takotsubo Registry ([www.takotsubo-registry.com](http://www.takotsubo-registry.com){#interref0004}) of the University Hospital Zurich in Zurich, Switzerland. The subjects' levels of anxiety and depression were assessed with the Hospital Anxiety and Depression Scale (HADS) ([@bib0058]). Data acquisition took place between July 2013 and September 2015 on a 3T MRI scanner of the University Hospital Zurich, Institute for Biomedical Engineering.

Fourteen of the 25 Takotsubo patients entering data analysis reported to have experienced an emotional triggering event prior to Takotsubo, six patients experienced a physically stressful situation, one patient both types of triggering events, and one patient reported to not have experienced any particular type of stressful event. None of the subjects reported a history of neurological or psychiatric disorders, head injuries, alcohol or drug abuse, or contraindications for MRI. Written informed consent was obtained from all the subjects prior to participation in the study. Four patients were excluded from the study because of an incomplete task (*n* = 1 control group, *n* = 3 patient group). Another Takotsubo patient was excluded from the analyses due to anatomical anomalies. The study was approved by the local ethics committee "Kantonale Ethikkommission Zürich" ([www.kek-zh.ch](http://www.kek-zh.ch){#interref0005}) and conducted according to the principles of the Declaration of Helsinki.

2.2. Experimental procedure {#sec0004}
---------------------------

The subjects performed an emotional picture processing task during fMRI scanning ([@bib0027]). Pictures containing positive, negative, and neutral emotional content were taken from the International Affective Picture System (IAPS; [@bib0038]). The pictures were matched for complexity, arousal, and the depiction of natural scenes, faces, and food ([@bib0026]). All the stimuli were presented with the Presentation software ([www.neurobs.com](http://www.neurobs.com){#interref0006}).

The task included 56 trials that fell into five experimental conditions: expected positive pictures (14 trials), expected negative pictures (14 trials), expected neutral pictures (14 trials), unexpected positive pictures (7 trials), and unexpected negative pictures (7 trials). The trials were presented in a randomized order, and this order was kept constant across all the subjects.

Each trial consisted of four consecutive events: During the first 1,000 ms, a small white cue was presented in the center of a black screen; the size of the cue was 1/40 of the screen height. In the three conditions with expected pictures, this cue indicated the valence of the picture that subsequently appeared. A positive symbol ("∪") signaled the appearance of a positive picture, a negative symbol ("∩") signaled the appearance of a negative picture, and a neutral symbol (\"--\") signaled the appearance of a neutral picture. In the two conditions with unexpected pictures, a fourth symbol ("\|") signaled the appearance of a picture of unknown valence to the subject. The meaning of the symbols was explained to the subjects before the fMRI scanning session. A white dot appeared at the center of the screen for 6,920 ms (expectation period) between the presentation of the cues and the pictures. The pictures were presented for 7,920 ms and filled the entire screen (presentation period). After a picture was presented, the white dot in the center of the screen appeared again for 15,840 ms. During this extended period, the BOLD signal was allowed to return to baseline before the start of the next trial. The experimental design implemented in this task can therefore be characterized as a slow event-related design. The complete task had a duration of about 30 min.

2.3. Magnetic resonance imaging data acquisition {#sec0005}
------------------------------------------------

Functional and structural images were acquired on a Philips Ingenia 3.0 T MRI system (Philips Medical Systems, Best, the Netherlands), equipped with a commercial 15-channel head coil. Whole-brain functional images were acquired in a single run using a T2\*-weighted gradient echo (GRE) echo planar imaging (EPI) single-shot sequence with the following parameters: repetition time (TR): 2.1 s, echo time (TE): 35 ms, flip angle α = 77°, sensitivity encoding (SENSE) reduction factor: 2.3, slice scan order: interleaved, number of axial slices: 34, slice thickness: 4 mm (no gap), field of view (FOV): 220 × 220 mm^2^, acquisition voxel size: 2.75 × 2.75 × 4.00 mm^3^; reconstructed to a spatial resolution of 1.72 × 1.72 × 4.00 mm^3^ with a reconstruction matrix of 128 × 128, number of dummy scans: 3, total number of scans: 920, total scan duration: 32 min. A whole-brain structural image was acquired for each subject using a T1-weighted GRE turbo field echo sequence with the following parameters: TR: 8.1 ms, TE: 3.7 ms, flip angle α = 8°, SENSE reduction factor: 1.5, number of sagittal slices = 160, FOV: 240 × 240 mm^2^, acquisition voxel size: 1.0 × 1.0 × 1.0 mm^3^; reconstructed to a spatial resolution of 0.94 × 0.94 × 1.0 mm^3^ with a reconstruction matrix of 256 × 256, total scan duration: 7.5 min. The structural images were evaluated by an experienced neuroradiologist for further inspection in case of suspected brain anomalies.

2.4. Functional magnetic resonance imaging data preprocessing and analysis {#sec0006}
--------------------------------------------------------------------------

The fMRI data were analyzed using two complementary approaches ([@bib0036]). Classical univariate analysis detects brain regions that exhibit higher or lower activity in Takotsubo patients compared to control subjects ([@bib0017]). This analysis reveals whether the subjects in a group, on average, have increased or decreased neural activity relative to the other group in a specific brain region when, for example, they are shown a particular emotional picture ([@bib0021]). However, neural activity patterns are often highly individualized and heterogeneous across subjects ([@bib0035]). Furthermore, by averaging the neural activity of single voxels across, for example, a region of interest (ROI), some activity might go undetected. Thus, we also used multivariate pattern analysis (MVPA) to decode neural information that is discriminable for a certain experimental condition at the single-voxel-level. Thus, it is highly sensitive to fine-grained individual activity patterns ([@bib0024]).

### 2.4.1. Univariate analysis {#sec0007}

#### 2.4.1.1. Preprocessing {#sec0008}

As part of the univariate analysis, functional and structural MRI data were preprocessed with SPM12, revision 6906 (<http://www.fil.ion.ucl.ac.uk/spm/software/spm12/>) in MATLAB R2016a (<https://ch.mathworks.com/products/matlab.html>). The following preprocessing steps were successively performed using default SPM12 settings unless otherwise stated: (1) Slice time correction of the functional images; (2) Motion correction of the functional images by a rigid body transformation using six parameters (three translations and three rotations) in which the images were registered and then resliced to match the orientation of the first image; (3) Co-registration of the structural image to the mean functional image; (4) Segmentation and bias field correction of the structural image and estimation of deformation field parameters for spatial normalization to the T1-weighted MNI152 template; (5) Application of the deformation field parameters to the functional and structural images and subsequent reslicing of the functional images to an isotropic voxel size of 2 mm and reslicing of the structural images to an isotropic voxel size of 1 mm; and (6) Smoothing of the functional images with an 8 mm full width at half maximum (FWHM) three-dimensional Gaussian kernel.

#### 2.4.1.2. First-level analysis {#sec0009}

First-level analysis in SPM12 was based on a general linear model (GLM) of the voxel-wise BOLD signal time series for each subject ([@bib0017]). Separate models were specified and estimated for the expectation period and for the picture presentation period to avoid multicollinearity between regressors for the expectation and the respective picture (e.g., positive expectation and positive expected picture). In the "expectation model" design matrix, four regressors were defined for negative expectation (NegExp), positive expectation (PosExp), neutral expectation (NeutrExp), and unknown expectation (UnkExp). Each predictor was modeled as a boxcar function convolved with the canonical double-gamma hemodynamic response function (HRF), which lasted from the appearance of a cue to the end of the expectation period (duration: 7,920 ms). A high-pass filter of 128 s and the six motion parameters estimated during preprocessing were specified as nuisance regressors. The following contrasts of interest were computed for each subject: NegExp versus PosExp, NegExp versus NeutrExp, and PosExp versus NeutrExp.

In the "picture model" design matrix, five regressors were defined for negative expected pictures (NegExpPic), positive expected pictures (PosExpPic), neutral expected pictures (NeutrExpPic), negative unexpected pictures (NegUnexpPic), and positive unexpected pictures (PosUnexpPic). The regressors were again modelled as a boxcar function convolved with the canonical HRF from the start to the end of the picture presentation (duration: 7,920 ms). The nuisance regressors included a high-pass filter of 128 s and six motion parameters. The following contrasts were computed for each subject: NegExpPic versus PosExpPic, NegExpPic versus NeutrExpPic, PosExpPic versus NeutrExpPic, and NegUnexpPic versus PosUnexpPic.

#### 2.4.1.3. . Second-level analysis {#sec0010}

Between-subject random effects analysis was performed using non-parametric permutation tests implemented in the SPM toolbox SnPM13 (<http://warwick.ac.uk/snpm>). Permutation tests depend on fewer assumptions than standard parametric approaches and provide exact control of false positive rates ([@bib0011]; [@bib0043]). The first-level contrast maps were entered as inputs for two-sample *t*-tests to compare Takotsubo patients and control subjects. The number of permutations was set to 10,000. Cluster inference on the cluster size was used with a cluster defining threshold (CDT) of *P* = 0.001 in conjunction with a neighborhood size of 26. The significance level was set to *P* ≤ 0.05 family-wise error (FWE) corrected.

Two second-level masks were created a priori. The first mask restricted the analysis to voxels that were associated with the task-related terms "visual" and "emotional." The second mask restricted the analysis to gray-matter voxels and, therefore, excluded non-brain voxels, cerebrospinal fluid (CSF) voxels, and white-matter voxels. To create the visual-emotional mask, two separate reverse inference maps were downloaded from the automated meta-analysis tool Neurosynth ([www.neurosynth.org](http://www.neurosynth.org){#interref0010}) using the terms "visual" and "emotional." Reverse inference maps contain z-scores representing the likelihood that a particular term is used in a paper describing an fMRI study, given an activity in a particular brain region ([@bib0057]). For the generation of the map associated with the term "visual", 2,549 studies were included. The map associated with the term "emotional" was based on 1,340 studies. These two z-score maps were then thresholded at *z* = 3.1, smoothed with a Gaussian kernel of 8 mm FWHM, binarized, and finally combined to form a single binary mask (see Supplementary Fig. 1). The gray-matter mask consisted of all 45 anatomical regions of the AAL atlas ([@bib0054]), which were combined in a single map and subsequently binarized.

### 2.4.2. Multivariate pattern analysis {#sec0011}

#### 2.4.2.1. Preprocessing {#sec0012}

The preprocessing of the functional and structural images for the MVPA differed from the preprocessing for the univariate analysis in two ways. First, during spatial normalization, the functional images were resliced to an isotropic voxel size of 3 mm. This modification had the advantage of reducing computation time. Second, in order to preserve the fine-grained patterns of activity, the functional images were not smoothed. These patterns may contain information about the experimental conditions ([@bib0035]).

#### 2.4.2.2. First-level analysis {#sec0013}

The MVPA first-level analysis was divided into two parts. First, parameter estimate images (beta images in SPM parlance) were extracted by modeling the voxel-wise BOLD signal time series using a GLM ([@bib0040]). A beta image contains voxel-wise regression weights for a particular regressor. Second, these beta images were decoded using searchlight analysis ([@bib0037]). To extract the beta images, a separate GLM was specified and estimated for each contrast of interest. This step was different from the univariate first-level analysis, in which only two GLMs were specified and estimated (the "expectation model" and the "picture model"). The tested contrasts were identical to those in the univariate analysis. The design matrix for all the GLMs contained separate regressors for each event in the picture processing task. For example, in the "PosExp versus NegExp model", 14 regressors were defined for each of the positive expectation periods and 14 regressors were defined for each of the negative expectation periods. In addition, a high-pass filter of 128 s and six motion parameters were included as nuisance regressors. This procedure was repeated for all the contrasts of interest.

The resulting beta images were used as the input for the subsequent searchlight analysis. The searchlight analysis had the goal of decoding the experimental conditions within each contrast of interest from local activity patterns (e.g., decoding of PosExpPic versus NegExpPic). Therefore, the beta images were randomly divided into seven independent chunks for each contrast, with the restriction that each chunk contained an equal number of images per condition (e.g., two beta images from the PosExp condition and two beta images from the NegExp condition). Independence of the chunks was assumed for two reasons. First, the beta images were controlled for temporal autocorrelations by using a high-pass filter and they were also controlled for subject motion by including the motion parameters in the design matrix. Second, the events corresponding to single regressors in the design matrix were separated by more than 20 s. After this time window, the BOLD signal had returned to baseline ([@bib0014]).

The searchlight analysis was conducted using the toolbox PyMVPA 2.6.1 (<http://www.pymvpa.org/>) in Python 2.7.13 (<https://www.python.org/>). Searchlight analysis (also known as information-based brain mapping) builds a map of voxels that are informative about the experimental conditions. Local activity patterns from multiple voxels can be used in combination with machine learning techniques to differentiate between experimental conditions. For example, a classifier decodes activity patterns about whether a subject was perceiving a positive expected picture or a negative expected picture at that time in the scanner. Brain regions that contain clusters of informative voxels are expected to be involved in the execution of the particular task at hand ([@bib0035]; [@bib0037]).

One information map per contrast was created by moving a sphere across all the voxels. Each sphere had a radius of 9 mm and consisted of at most 122 surrounding voxels and one center voxel (see [Fig. 1](#fig0001){ref-type="fig"}). In every sphere, a linear support vector machine was trained and tested using a 7-fold cross-validation that partitioned the aforementioned chunks. The average accuracy of the seven folds was then written into the center voxel of the sphere. The resulting information maps per subject and per contrast were subsequently smoothed with a Gaussian kernel of 8 mm FWHM before being subjected to second-level random effects analysis.Fig. 1Searchlight analysis. As an application of multivariate pattern analysis, searchlight analysis builds a map of voxels that are informative about the experimental conditions. A searchlight sphere (in blue) is moved across all the voxels of the brain. In every sphere, a linear support vector machine decodes the experimental conditions using an N-fold cross-validation approach. The average accuracy of the cross-validation fold is written in the center voxel of the searchlight sphere.Fig. 1:

#### 2.4.2.3. . Second-level analysis {#sec0014}

Between-subject random effects analysis of the information maps was performed using non-parametric permutation tests as implemented in SnPM. Information maps for the Takotsubo patients and control subjects were compared using two-sample *t*-tests with the same settings as the univariate second-level analysis. Both the visual-emotional mask and the gray-matter mask were used to restrict the search space of the analysis. The group comparison of the information maps tested whether there were clusters of voxels in which the decoding of the experimental conditions was significantly higher or lower in the Takotsubo patients compared to the control subjects.

Differences in decoding between the two groups are unlikely to be relevant when the decoding of both groups is below the chance level (i.e. 50%). Therefore, it is necessary to test, within each group, whether it is possible to decode the conditions significantly above chance. Hence, regions of interest (ROIs) were created based on the significant clusters (*P* ≤ 0.05 FWE-corrected) revealed by the group comparisons of the information maps. These ROIs were used for additional post-hoc decoding analyses. In this context, the experimental conditions were decoded again for all contrasts that revealed significant clusters. In contrast to the searchlight analysis, the pattern of the entire ROI was used as the input for decoding. In cases in which one contrast revealed multiple significant clusters, multiple ROIs were created and decoding was performed separately for each ROI ([@bib0015]). Repeating this procedure for all the subjects resulted in one accuracy value per subject and ROI. These accuracies were analyzed separately for each group using the non-parametric one-sample Wilcoxon signed-rank test against chance level. The significance level was set to *P* ≤ 0.05 (one-sided, Bonferroni-Holm corrected for multiple comparisons). The Wilcoxon signed-rank tests were performed using *R* (version 3.3.2, <https://www.R-project.org/>).

3. Results {#sec0015}
==========

3.1. Clinical characteristics {#sec0016}
-----------------------------

Takotsubo patients had significantly higher HADS anxiety scores than the control subjects (*t*(45) = 2.70, *P* = 0.01), but the two groups did not differ in their HADS depression scores (*t*(45) = 1.75, *P* = 0.09). Details about the clinical and demographical data as well as descriptive statistics are given in [Table 1](#tbl0001){ref-type="table"}.Table 1.Demographical and clinical characteristics. Plus-minus values represent group means ± standard deviations. *P* values are given for two-tailed independent samples *t*-tests. Values of the left ventricular ejection fraction were obtained either during catheterization or echocardiography. If both were available, the values of the catheterization are reported.Table 1:CharacteristicTakotsubo patients (*n* = 26)Control (*n* = 22)*P* valueAge (years)60 ± 15.5455.36 ± 15.770.32Female sex (no., %)21 (81)18 (82)Handedness (no., right / left)25/122/0Time between Takotsubo syndrome episode and MRI (days)822.42 ± 817.63MMSE (max. score = 30)28.69 ± 1.93 (n = 26)29.50 ± 0.67 (*n* = 22)0.07HADS anxiety (max. score = 21)6.32 ± 4.09 (n = 25)3.27 ± 3.58 (*n* = 22)0.01HADS depression (max. score = 21)3.44 ± 3.69 (n = 25)1.82 ± 2.44 (*n* = 22)0.09Chest pain (no., %, n = 25)19 (76)Dyspnea (no., %, n = 25)16 (64)High-sensitivity troponin T (ng/mL, n = 16) \*0.34 ± 0.17Creatine kinase (IU/L, n = 26) \*371.42 ± 632.70NT-proBNP (pg/mL, n = 17) \*5105.29 ± 9547.67ST-segment changes (no., %, n = 21)3 (14)Heart rate (beats/minute, n = 22)75.14 ± 14.76Systolic blood pressure (mmHg, n = 24)120.71 ± 29.78Left ventricular ejection fraction (%, n = 26)45.46 ± 13.91Left ventricular end diastolic pressure (mmHg, n = 22)21.77 ± 4.31Coronary artery disease (no., %, n = 24)4 (17)Recurrence of Takotsubo syndrome (no., %)3 (12)[^3][^4]

3.2. Results of the imaging data {#sec0017}
--------------------------------

As mentioned above, we analyzed fMRI data with two complementary analytical approaches. The first compared average differences between Takotsubo patients and matched control- subjects using classical univariate analysis. The second approach used MVPA (information-based analysis approach), which is based on the assumption that a neural activity *pattern* is different, and thus, discriminable between different experimental conditions. Hence, if information about a condition is present in the neural activity, this activity can be decoded; the more informative the activity pattern is, the better it can be decoded.

### 3.2.1. Results of the classical univariate analysis {#sec0018}

The second-level univariate analysis with the visual-emotional mask revealed the following significant differences in activity. The Takotsubo patients showed significantly lower mean activity than the control subjects in the left (*P* = 0.048) and right superior parietal lobe (*P* = 0.043) during the processing of negative expected pictures in comparison to positive expected pictures. The significant clusters are shown in [Fig. 2](#fig0002){ref-type="fig"}A. Detailed statistics and the coordinates of the significant clusters are given in [Table 2](#tbl0002){ref-type="table"}. No other contrasts of interest analyzed with the visual-emotional mask were found to have significant group differences in activity in the univariate analysis. The univariate group comparison with the gray-matter mask found no significant differences in activity for any of the contrasts of interest. All reported *P-*values were FWE-corrected for multiple comparisons at cluster level.Fig. 2Second-level results of the univariate analysis and the multivariate pattern analysis. A) Takotsubo patients showed lower activity in the bilateral superior parietal lobe (SPL) in response to negative expected pictures compared to positive expected pictures. Significant clusters in the univariate analysis, using the visual-emotional mask, are shown in cyan. B) Takotsubo patients showed lower decoding of negative expectation versus positive expectation in the right intracalcarine cortex (ICC) and the left lingual gyrus (LG). Significant clusters in the multivariate pattern analysis, using the visual-emotional mask, are shown in red. Significant clusters in the multivariate pattern analysis, using the gray-matter mask, are shown in blue. The overlap of the clusters of the analyses with the two masks are shown in pink. C) Takotsubo patients showed significantly lower decoding of negative expected pictures versus neutral expected pictures in the bilateral supramarginal gyrus (SMG), the right superior frontal gyrus (SFG), the right middle frontal gyrus (MFG), the left inferior frontal gyrus (IFG), the right temporal occipital fusiform cortex (TOFC), the left lateral occipital cortex (LOC), and the left cerebellar vermis (VI). Significant clusters of the multivariate pattern analysis, using the visual-emotional mask are shown in red, and significant clusters of the multivariate pattern analysis, using the gray-matter mask, are shown in blue. The overlap of the clusters of the analyses with the two-masks are shown in pink. All clusters are significant at *P* ≤ 0.05, family-wise error corrected.Fig. 2:Table 2.Results of the univariate analysis. Second-level summary statistics of the univariate analysis with the visual-emotional mask, given for each significant contrast and cluster separately (*P* ≤ 0.05, family-wise error corrected, minimum cluster size *k* = 10). Probability of brain regions (in %) given according to the Harvard-Oxford cortical atlas (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases>).Table 2:Group contrastCondition contrastNumber of voxelsMax. *t* valueMNI coordinates max. *t* value (*x, y, z*)MNI coordinates center of gravity (*x, y, z*)Brain regions\' center of gravity*P* valueControl subjects \> Takotsubo patientsNegExpPic \> PosExpPic763.8836, −42, 4636.5, −43.7, 48.350% R superior parietal lobe0.0437% R supramarginal gyrus (post.)693.88−34, −46, 46−33.5, −44.5, 45.633% L superior parietal lobe0.04812% L supramarginal gyrus (post.)[^5]

### 3.2.2. Results of the multivariate pattern analysis {#sec0019}

The second-level MVPA with the visual-emotional mask revealed significant differences in decoding accuracy between Takotsubo patients and control subjects: As shown in [Fig. 2](#fig0002){ref-type="fig"}B, Takotsubo patients showed significantly lower decoding of negative expectation versus positive expectation in the right intracalcarine cortex (*P* = 0.001) and the left lingual gyrus (*P* = 0.007). As shown in [Fig. 2](#fig0002){ref-type="fig"}C, Takotsubo patients also showed significantly lower decoding of negative expected pictures versus neutral expected pictures in the left lateral occipital cortex (*P* = 0.005), the right middle frontal gyrus (*P* = 0.014), and the right temporo-occipital fusiform cortex (*P* = 0.017). No further contrasts of interest of the second-level MVPA with the visual-emotional mask revealed differences in decoding accuracy between the two groups. Detailed statistics and the coordinates of the significant clusters are given in [Table 3](#tbl0003){ref-type="table"}.Table 3.Results of the visual-emotional mask-based multivariate pattern analysis. Second-level summary statistics of the multivariate pattern analysis with the visual-emotional mask, given for each significant contrast and cluster separately (*P* ≤ 0.05, family-wise error corrected, minimum cluster size *k* = 10). Probability of brain regions (in %) given according to the Harvard-Oxford cortical atlas (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases>).Table 3:Group contrastCondition contrastNumber of voxelsMax. *t* valueMNI coordinates max. *t* value (*x, y, z*)MNI coordinates center of gravity (*x, y, z*)Brain regions\' center of gravity*P* valueControl subjects \> Takotsubo patientsNegExp versus PosExp1615.0612, −79, 511.9, −78, 3.8847% R intracalcarine cortex0.00118% R lingual gyrus843.81−18, −76, −7−21.6, −68, −5.3931% L lingual gyrus0.00719% L occipital fusiform gyrusControl subjects \> Takotsubo patientsNegExpPic versus NeutrExpPic1484.1−24, −76, 41−22.2, −74.6, 3121% L lateral occipital cortex0.0055% L cuneal cortex694.8824, −4, 5928.2, −1.28, 53.226% R middle frontal gyrus0.01418% R superior frontal gyrus613.9442, −52, 540.5, −47.5, −9.948% R temporal occipital fusiform cortex0.0176% R inferior temporal gyrus (temporooccipital part)[^6]

The second-level MVPA with the gray-matter mask revealed similar differences in decoding accuracy between the Takotsubo patients and control subjects. As shown in [Fig. 2](#fig0002){ref-type="fig"}B, Takotsubo patients showed significantly lower decoding of negative expectation versus positive expectation in the right intracalcarine cortex (*P* = 0.009) and the left lingual gyrus (*P* = 0.034). As shown in [Fig. 2](#fig0002){ref-type="fig"}C, Takotsubo patients showed significantly lower decoding of negative expected pictures versus neutral expected pictures in the left supramarginal gyrus (*P* = 0.004), the right superior frontal gyrus (*P* = 0.012), the superior part of the left lateral occipital cortex (*P* = 0.021), the pars opercularis of the left inferior frontal gyrus (*P* = 0.026), the posterior part of the left supramarginal gyrus (*P* = 0.027), the posterior part of the right supramarginal gyrus (*P* = 0.027), and the left cerebellar vermis VI (*P* = 0.047). Detailed statistics and the coordinates of the significant clusters are given in [Table 4](#tbl0004){ref-type="table"}. All reported *P* values are FWE-corrected for multiple comparisons at cluster level.Table. 4Results of the gray-matter mask-based multivariate pattern analysis. Second-level summary statistics of the multivariate pattern analysis with the gray-matter mask, given for each significant contrast and cluster separately (*P* ≤ 0.05, family-wise error corrected, minimum cluster size *k* = 10). Probability of brain regions (in %) given according to the Harvard-Oxford cortical atlas (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases>).Table 4:Group contrastCondition contrastNumber of voxelsMax. *t* valueMNI coordinates max. *t* value (*x, y, z*)MNI coordinates center of gravity (*x, y, z*)Brain regions\' center of gravity*P* valueControl subjects \> Takotsubo patientsNegExp versus PosExp1695.0612, −79, 511.9, −77.5, 3.6747% R intracalcarine cortex0.00918% R lingual gyrus883.81−18, −76, −7−21.2, −66.7, −5.4937% L lingual gyrus0.03414% L occipital fusiform gyrusControl subjects \> Takotsubo patientsNegExpPic versus NeutrExpPic3654.81−60, −28, 29−46.2, −27.6, 31.816% L supramarginal gyrus0.0044% L postcentral gyrus1985.1327, −4, 6520.6, −2.35, 56.244% R superior frontal gyrus0.0129% R precentral gyrus1284.10−24, −78, 41−21.9, −75, 3326% L lateral occipital cortex (sup.)0.0214% L cuneal cortex1093.98−51, 26, 11−46.4, 16.1, 18.139% L inferior frontal gyrus (pars opercularis)0.0263% L inferior frontal gyrus (pars triangularis)1064.15−57, −40, 2−53.3, −44.6, 8.8934% L supramarginal gyrus (post.)0.02712% L middle temporal gyrus1054.2254, −34, 1153.2, −36.1, 11.917% R supramarginal gyrus (post.)0.0277% R superior temporal gyrus (post.)683.91−6, −70, −22−4.25, −70.2, −20.967% L vermis VI0.04727% L VI[^7]

### 3.2.3. Post-hoc regions of interest decoding {#sec0020}

Post-hoc ROI decoding confirmed the results of the MVPA searchlight analysis (see Supplementary Figs. 2 and 3). Takotsubo patients showed chance-level decoding of negative expectation versus positive expectation, and negative expected pictures versus neutral expected pictures in all the ROIs we investigated (Bonferroni-Holm corrected *P* \> 0.05). In contrast, control subjects showed decoding above chance-level in all the ROIs that were investigated (Bonferroni--Holm corrected *P* \< 0.05), except the right intracalcarine cortex, as defined by the MVPA second-level analysis, using the visual-emotional mask (Bonferroni--Holm corrected *P* = 0.06). The statistical details are given in Supplementary Tables 1 and 2.

4. Discussion {#sec0021}
=============

The present study demonstrates neural differences between Takotsubo patients and control subjects during an emotional picture processing task using two complementary analytical approaches. First, classical univariate analysis was used to reveal brain regions that showed differences in mean activity between the two groups. This analysis found that Takotsubo patients exhibited lower activity than control subjects in the bilateral superior parietal lobe when processing negative expected pictures than when processing positive expected pictures. Second, individual activity patterns were decoded using MVPA, which revealed that Takotsubo patients showed lower decoding of negative expected pictures versus neutral expected pictures in regions in the frontal cortex (the right superior frontal gyrus, right middle frontal gyrus, and left inferior frontal gyrus), parietal cortex (the bilateral supramarginal gyrus), visual cortex (the left lateral occipital cortex and right temporal occipital fusiform cortex), and the cerebellum (the left vermis VI). Takotsubo patients also exhibited lower decoding of negative expectation versus positive expectation in the visual cortex (the right intracalcarine cortex and left lingual gyrus) and had a higher level of anxiety but not depression, according to the HADS, compared to the healthy control group.

The superior parietal lobe is part of the fronto-parietal central executive network ([@bib0048]), which consists of brain regions that play an important role in the regulation of emotions ([@bib0012]). Emotion regulation can be broadly defined as a set of processes intended to modulate the trajectory of an emotion ([@bib0022]). Individuals often downregulate upcoming negative emotions by using emotional regulation strategies, such as cognitive reappraisal, which is the explicit re-evaluation of an emotional stimulus to reduce its emotional relevance. Meta-analyses of neuroimaging studies on cognitive reappraisal consistently show increased activity in the superior parietal lobe, among others, as part of the fronto-parietal central executive network ([@bib0031]).

The present study found lower activity in the bilateral superior parietal lobe of Takotsubo patients compared to the controls in response to negative expected pictures. However, we did not observe group differences in activity in response to negative unexpected pictures. Given the crucial role of the parietal lobe in emotion regulation, these findings may reflect impaired regulation of emotions in the Takotsubo patients. Subjects had the opportunity to use emotion-regulation strategies for negative expected pictures, as the appearance of the pictures was signaled by a cue that allowed subjects to prepare for the subsequent picture. Although using emotion-regulation strategies was more difficult for unexpected pictures because no cue was presented before the picture, it seems as if Takotsubo patients used inappropriate or no emotion regulation at all, even in the case of the expected pictures. Impaired emotion regulation in Takotsubo patients has been observed in behavioral studies ([@bib0007]; [@bib0025]; [@bib0047]). For example, the results of a study that used self-report measures of stress management and personality traits that are associated with inappropriate emotion-regulation strategies indicated that patients were less likely to use beneficial emotional regulation strategies, such as the cognitive reappraisal strategy of de-emphasizing ([@bib0025]). In addition, an association between Takotsubo syndrome and Type D personality was found ([@bib0007]), which is frequently observed in patients with depression or anxiety ([@bib0010]; [@bib0049]). These findings are in line with the increased anxiety observed in our Takotsubo patients as well as the proposed association between Takotsubo syndrome and psychiatric symptoms ([@bib0052]).

A further explanation for the reduced activity of the superior parietal lobe in the patient group involves its role in the central control of the sympathetic nervous system ([@bib0003]). As mentioned above, many brain regions involved in the central control of the autonomic nervous system are also involved in processing and regulating emotions ([@bib0003]; [@bib0012]; [@bib0039]) and have been shown to be altered in Takotsubo syndrome ([@bib0028]; [@bib0030]; [@bib0044]; [@bib0047]; [@bib0051]). Thus, as the activity of the autonomic nervous system can be considered a physiological component of emotional processing ([@bib0034]), the lower activity in the superior parietal lobe might reflect a complex relationship between emotions and the autonomic nervous system in Takotsubo patients.

The MVPA found group differences in decoding of negative expected pictures versus neutral expected pictures. In the control subjects, these conditions could be decoded from the activity patterns of a widespread network that included the frontal and parietal lobes, the visual cortex, and the cerebellum. However, as shown by the chance-level decoding, the processing of both types of images was similar in the Takotsubo patients, which indicates comparable neural activity when processing pictures with different valences ([@bib0037]).

The dorsolateral prefrontal cortex (the superior and middle frontal gyrus), the ventrolateral prefrontal cortex (inferior frontal gyrus), and the parietal cortex (supramarginal gyrus) are part of the fronto-parietal central executive network, and are therefore strongly involved in the regulation of emotions ([@bib0012]; [@bib0048]). Intriguingly, the cerebellum is also associated with the central executive network ([@bib0023]), but its exact role in emotion regulation is still unclear ([@bib0001]). No regulation of emotions is required when neutral pictures are presented, in contrast to the processing of negative pictures. This is putatively reflected in the differential activity patterns of the control subjects in these two conditions. Hence, the similar pattern of activity observed in the Takotsubo patients during the processing of negative and neutral expected pictures may be indicative of impaired emotion regulation.

According to a meta-analysis of the processing of emotional pictures in healthy subjects, visual cortex activity is consistently higher in response to emotional pictures than in response to neutral pictures ([@bib0046]). This finding is consistent with the above-chance decoding of negative versus neutral expected pictures in the visual cortex of the control subjects in our study. It has been suggested that differential activity during the processing of emotional and neutral stimuli is influenced by attentional processes that facilitate more elaborate processing of emotional stimuli ([@bib0005]). Following this line of argumentation, the Takotsubo-specific similarity in the activity patterns in response to positive and negative pictures might indicate a less elaborated processing of the negative pictures.

Negative expectation versus positive expectation was decoded in the control subjects from the bilateral visual cortex activity patterns. Previous studies of healthy subjects have shown differential activity patterns in the visual cortex during the expectation of negative versus positive visual stimuli ([@bib0026],[@bib0027]). In contrast, the visual cortex activity patterns of the Takotsubo patients did not contain information about these experimental conditions. This suggests that the patterns of visual cortex activity of the control subjects during the two expectation periods (positive and negative) were distinct, whereas the activity patterns of the Takotsubo patients were too similar to be differentiated ([@bib0037]). As previously mentioned, there might be a Takotsubo-specific impairment in the regulation of emotions during the processing of negative expected pictures, presumably because Takotsubo patients do not appropriately prepare for the appearance of the pictures. In the framework of predictive coding, the activity patterns might reflect predictions about future stimuli. All sensory systems (e.g., the visual system or the auditory system) constantly make predictions about upcoming sensory stimuli. These predictions are subsequently compared with the actual stimuli encountered. If there is a mismatch between the predicted and the actual stimuli, a prediction error is generated, and future predictions are modified ([@bib0045]). This is relevant to our results as the visual cortex plays an important role in forming and modifying these predictions of visual stimuli ([@bib0009]; [@bib0032]). Of note, it has been demonstrated that the nature of an upcoming stimulus can be accurately decoded during the expectation of that stimulus ([@bib0033]). Interestingly, recent studies have found impaired predictive coding in patients with anxiety ([@bib0013]; [@bib0055]) as well as anxious healthy subjects ([@bib0008]). It has been suggested that patients with anxiety have an impaired ability to modify predictions following prediction errors ([@bib0055]). The results of the present study thus suggest that Takotsubo patients perform inadequate predictions during the expectation of an emotional stimulus. However, given the experimental paradigm used in our study, we cannot determine whether these inadequate predictions are a result of impaired prediction errors or another undetermined process.

5. Limitations and outlook {#sec0022}
==========================

In the following, we want to address some limitations, which could be addressed in future investigations on the same topic. First, the passive task used in this study had a slow event-related design because we wanted to avoid emotional exhaustion of the patients caused by a high number of stimuli in close succession. If feasible, future studies might use a block or a fast event-related task design to increase the number of trials and thus the statistical power to detect subtle differences between the groups. Second, somewhat surprisingly, we did not find group differences in the amygdala activity, neither with the univariate nor the multivariate analysis approaches. As the amygdala is a relatively small structure, the voxel-based analyses we used might not be sensitive enough to detect subtle group differences in this brain region. Thus, future studies might apply a more sensitive ROI-based approach to increase the sensitivity for potential group differences in amygdala activity.

6. Conclusion {#sec0023}
=============

The present study is the first to investigate the neural correlates of emotional regulation and processing in Takotsubo patients using fMRI. The results of the study suggest that there are Takotsubo-specific deficits in emotion regulation and processing that may be related to deficits in predictive coding. This deficient regulation of emotions might play a further factor in the origins of this brain-heart disease, but further studies are necessary for a deeper and more profound understanding of its exact role.
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